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The purpose of this study was to prepare and char-
acterize the coordination compounds produced by the reaction 
of five cycloalkanecarboxylic acids and a rhodium salt. 
The five acids that furnished the ligands were: cyclopro-
panecarboxylic acid, cyclobutanec~rboxylic acid, cyclopen-
tanecarboxylit acid, cyclohexanecarboxylic acid, and a 
cycloheptanecarboxylic acid. The rhodium (Ill) ion was 
provided by the salt Na3RhCls•12H20, A survey of the avail-
able literature indicated th~t these rhodium (Ill) cyclo~ 
alkane carboxylates had not previously been prepared. 
Pr.i or to this work a re 1 a ted study was conducted 
by Yeh In which these same acids formed coordination c~m­
pounds of Palladium (Ill and Nickel (II) (16), Yeh states 
in his work that the preparation of these compounds was not 
straightforward as he had.anticipated. Therefore, he used 
a procedure that had been previously developed by Hausman, 
Grasso and Pond to produce palladium (II) diacetate (19). 
Their technique was to first produce an intermediate ~f the 
metal which in turn was dissolved in glacial acetic acid to 
form the desired product, palladi~m (II) dlacetate. Extend-
ing this technique, Yeh prepared hydrous palladium oxide 
and hydrous nickel oxide and subsequently carried out the 
.. 
2 
reactions with the five cycloalkanecarboxylic acids. These 
produced the desired compounds, although he reported some 
difficulty was encountered in preparation of the palladium 
(Ill complexes (16). 
Since it was felt that direct combination of the 
rhodium salt and the cycloalkanecarboxyllc acid would be 
difficult, if not impossible, it appeared that it would be 
expedient to attempt to synthesize the rhodium complexes 
using Yah's method. Hence, in the procedure to b~ followed 
hydrous rhodium oxide was first made and then refluxed with 
the appropriate acid. The rhodium hydrous oxide intermedi-
ate was prepared by the reaction of an aqueous solution of 
Na3RhC1 6•12H20 and a 10 per c~nt aqueous solution of NaOH. 
Hydrous rhodium oxide may be prepared from other available 
soluble rhodium compoupds. However, the sodium salts and 
especially the chloride compounds such as Na3RhCls•12H20 
are preferred because of their availabiliiy, relative low 
cost, and low heat of reaction in the formation of the 
intermediate (19). Precipitation of the intermediate was 
complete when~the rhodium salt solution attained a pH of 8 
to 10; excess NaOH solut]on could be used without any harm-
ful effect. The chloride ion was eliminated from the inter-
mediate by successive washings with. distilled water. A 
negative silver nitrate test indicated that chloride ions 
·had been completely removed. After drying, the hydrous 
rhodium oxide was refluxed with the appropriate acid at a 
constant temperature of 60-65°C and kept under a steady 
3 
stream of nitrogen. This method failed to produce the 
expected coordination compounds with the five l.igands. 
After many repeated attempts in which such factors as tem-
perature, reflux time, and amounts of reactants were v~ried 
this technique still did not produce the expected compounds 
and the method was abandoned. 
It was found that the five carboxylic acids~ with 
the single exception of cyclopropanecarboxylic acid, were 
insoluble in water. These same five organic acids, however, 
were very soluble in ethanol. In contrast, the Na3RhC1 6-
•12HzO was quite soluble in water, but insoluble in the 
alcohol. Thus a new approach was conceived using a suit-
able organic solvent in which both the carboxylic acid and 
the aqueous solution of the rhodium salt would be soluble 
resulting in direct' reliction; such a solvent was found in 
ethanol. Intimate contact between the reactants was 
achieved by mixing the alcohol!~ solution of the cyclo-
alkanecarboxylic acid with the iqueous solution of the rho~ 
dlum salt; the pH of this mixture was adjusted to 5 by the 
careful addition of 10 per cent aqueous NaOH. The mixture 
was then refluxedat a constant temperature under a steady 
·stream of nitrogen. During the refluxing process, the pH 
of the reaction mixture was closely.observed and maintained 
at a range of 4 to 5 by the addition of 10 per cent aqueous 
sodlum hydroxide. The reaction was considered complete 
after the formation of a green, granular solid in there-





the olive-green color of the solution and the pH remained 
constant. The solid product was separated from the reaction 
mixture, dri~d under vacuum, and stored in a nitrogen atmo-
sphere. In all five instances the product occurred as 
finely divided, bright green crystals which did not have a 
sharP melting point but rather decomposed into a volatile 
substance and a residue which appeared to be m~talllc rho· 
dium; decomposition took place in the temperature range bet-
ween 260°C and 280•C. Characterization of these five rho-
dium carboxylates was accomplished by carbon-hydrogen 
analyses and infrared spectra; ultraviolet-visible spectra 
were also obtained. 
The structure of these rhodium carboxylates was 
initially expected to be analogous to that of dimeric · 
chromium (II) acetat•. Russian investigators have shown 
that these deep green compounds formed by the interaction 
of alkyl carboxylic acids and rhodium possess this parti-
cular type of structure (9), Since the carboxylate group 
of the ligand can behave as a bidentate, this structure 
would require four of the acid ligands and two unidentate 
donors such as water positioned on the opposite ends of the 
Rh-Rh bond. This structure also suggests a rather strong 
Interaction between the two meta 1 ions (9). The resu 1t s 
of the present research demanded a different structure; 
however, the above model was sti II useful for it served as 
a good starting point in the determination of the structure 




A 1t hough there was knowledge of metal .comp 1 exes 
prior to the discovery of hexaamminecobalt (Ill) Chloride 
by Tassaert in 1798, Basolo and Johnson (12) ~egard th1s 
event as the birth of coordination chemistry. The contem-
porary theories could not explain how two independently 
stable compounds such as CoCI 3 and NH 3, whose valences had 
been saturated, could combine to form a third stable com-
pound, CoC1 3•6NH3• Attempts by chemists to find a satis-
factory explanation for these types of compounds were 
unsuccessful. Basolo and Johnson (12) state that it was 
not until the year 1893 that Alfred Werner presented a 
suitable explanation of the observed behavior of these com-
pounds by means of his now famous coordination theory. The 
main postulates of the theory were that most elements have 
both a primary and a secondary valence, that every element 
tends to satisfy both of these valences, and that the 
secondary valence has a fixed spatial orientation (12). 
Werner's coordination theory preceded our modern 
electronic concept of the atom and so it was not able to 
fully explain primary and secondary valences. In .fact, 
general acceptance of the theory did not come until after 




Lewis, Kessel, Langmuir, Sidgwick, and others. Werner's 
"secondary valence'' became known as the coordinate bond 
(2). Today there are three basic theories that are used 
to explain the nature of bonding in metal complexes; they 
are the valence bond theory, the electrostatic crystal 
field theory, and the molecular orbital theory. 
The valence bond theory of Pauling and others 
treats the bonding as being covalent, the electrostatic 
crystal field theory holds that the bonding between the 
metal ion and ligand is ionic, and the molecular orbital 
theory, which takes into account both the ionic and 
covalent nature of chemical bonds; deals with the electron 
distribution of molecules in a manner that parallels the 
treatment of electron distribution in atoms. 
Valence Bond Theory 
According to the valence bond theory the rhodium 
(Ill) ion should form an octahedral complex. The d2sp3 
configuration involves this octahedral hybridization of 
the dx2-y2 and dz2 orbitals combined with an s orbital and 
a set of Px• Py, and Pz orbitals. These six degenerate 
orbitals have lobes directed to the apices of an octahedron 
(9). An electron distribution diagram for a rhodium (Ill) 
complex is shown in Figure 1; the (XX) represent a pair of 
electrons provided by the ligand. 
7 
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Figure 1. 
Electron Distribution Diagram for a Rhodium (Ill) Complex 
Electostatic C~xstal Field Theory 
The electrostatic crystal field theory considers 
the effect of the approaching ligand upon the five d orbi-
tals of the metal ion. In an octahedral environment of six 
negative ligands, splitting of the energies of the five 
degenerate orbitals will occur. The result of the electro-
static repulsion between the ligands and the metal ion gives 
rise to two eg orb ita 1 s--the d2 2, and dx2-y2--wh i ch are 
directed toward the ligands along the x, y, and z axes of a 
cartesian coordinate system. The eg orbitals are of higher 
energy than the original degenerate d orbitals. The total 
energy of the remaining three d orbitals, now called t 2g 
orbitals, has been lowered by an amount equal to the total 
Increase in energy of the eg orbitals. These three t 2g 
.orbitals--dxy• dxz• and dy2 --which point between the 
ligands can accommodate electrons more readily than the 
eg orbitals by reason of their lower energy position (12). 
In the case of a d6 configuration, such as the 
rhodium (Ill) ion, the six d electrons will reside in the 
set of three lowest energy orbitals available--the t 2g 
8 
orbitals. To do this the electrons must have their spins 
coupled; the pairing energy required to do this is less 
than the energy needed to allow 2 electrons in the eg 
orbitals. Practically all the complexes of rhodium (Ill) 
have this low-spin arrangement and thus have diamagnetic 
properties (9). Figure provides an energy level diagram 
de~icting the crystal field splitting of the d orbitals; 
the symbol 0 is used to represent an orbital. 
energy 
00000 







Energy Level Diagram Showing Splitting of d Orbitals 
by an Octahedral Electrostatic Crystal Field. 
Molecular Orbital Theory 
The molecular orbital method m~y be used without 
recourse to rigorous mathematics by using the linear com· 
bination of atomic orbital (LCAO) approach. The general 
group-theoretical rule states that only orbitals which 
transform as the same representation of the molecular point 




cation holds true for metal complexes in that bonding will 
occur if the symmetry of the orbitals on the metal and 
ligand match (8). Since the ligands involved in this study 
are believed to bond to the rhodium ion via the oxygen atom, 
it is possible that not only sigma (~) bonding but also pi 
('IT) bonding occurs. Six of the nine orbitals of the metal 
ion have lobes situ~ted along the metal-ligand bond direc-
tions, and these lend themselves directly to sigma bonding; 
these are the dz2, dx2-y2, s, Px, Py, and Pz orbitals. 
Each of the six ligands has a sigma orbital capable of com-
bining to form a symmetry orbital that can overlap an 
appropriate metal orbital. The overlap of these orbitals 
will produce bonding and antibonding molecular orbitals. 
The remaining three metal orbitals -- the dxy' dxz' and 
dyz --may be utilized by the molecule for additional bond-
ing since their orientation makes them suitable for pi 
bonding. These three metal d orbitals have a cloverleaf-
like shape and are located in the xy, xz, and yz planes, 
respectively, with their lobes situated between the two 
corresponding axes. It is this unique position between 




Pi Bonding Involving the Tzg (dxyl Orbital 
of the Metal and the Ligand Tzg Orbitals. 
10 
The mutually perpendicular pi orbitals of the oxygen atoms 
of each ligand are combined into orbitals belonging to the 
symmetry classes Tlg• Tzg• Tlu• and Tzu• The T1g and Tzu 
may be omitted for they are nonbonding, Since the p orbi-
tals of the rhodium ion have already been utilized for 
sigma bonding we may disregard the T1u orbitals as well, 
Thus for a qualitative treatment of the pi bonding involved 
we need only to consider the overlap between the Tzg orbi-
.tals of the ligands and the Tzg d orbitals of the rhodium 
ion. Once again bonding and antibonding molecular orbitals 
are formed (13}, Figure 4 presents a molecular orbital 
diagram for an octahedral rhodium (Ill) complex with sigma 
and pi bonding. This diagram is similar to one used by 
McRobbie (18) .in his study of ~hodium complexes and a 
r 
modified version of one presented by Royer (29) in his 
text; it is intended to be only of qualitative value. 
Carboxylate !on 
11. 
The carboxylate ion is stabilized by virtue of its 
ab)lity to assume two equivalent resonance structures; the 
result Is a resonance hybrid considered to have the nega-
tive charge distributed uniformly over ~oth oxygen atoms. 
0 
. // 
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'1\•, 
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The carboxylate carbon uses its sp2 orbitals to 
form three sigma bonds with another carbon atom and the 
two carboxylate oxygen atoms. The remaining p orbital of 
this carboxylate carbon is in a position to overlap the p 
orbitals of both oxygen atoms to form hybrid bonds. Thus 
the delocalization of the pi electrons and the dispersal of 
. charge over three nuclei serves to produce stronger bonds 
and hence a rather stable anion (30). 
L 
[ 




·Metal Orbitals Molecular Orbitals Ligand Orbitals 
Figure 4 MOLECULAR ORBITAL DIAGRAM FOR AN OCTAHEDRAL RHODIUM 
III COMPLB:X WITh SIGMA AND PI BONDING. 
( 1".~ represents electrons from metal orbi tala) 




Infrared Spectra of Metal Carboxylates 
In b~nding to a metal ion, infrared ba~d shifts may 
be used to determine coordinate bond strength. The type of 
meta 1 ion used as wei I as the structure of the meta I com-
plex formed may have a significant effect upon the direc-
tion of this band shift. Furthermore, the direction of the 
band shift may give valuable clues as to the natore of the 
bonding of a ligand; for instance, it may help to decide 
whether the carboxylate ion will be unidentate or bidentate • 
. In a study (I) made of the acetate ion it was found that if 
coordination occurred With the acetate ligand being uniden-
tate that then the asymmetric and symmetric coo· stretching 
bands would be .shifted to a higher and lower frequencies, 
respectively. On the other hand, if the carboxylate anion 
was bidentate then both coo· stretching frequencies might 
be shifted in the same direction because of an equal change 
in the bond order of 6oth·c-o bonds. In general, the pre-
sent study showed a lowering of both asymmetric and sym-
metric stretching frequencies after coordl.nation of the 
rhodium (Ill) ion. 
14 
Chapter I I I 
EXPERIMENTAL 
Reagents Required 
The rhodium salt used was sodium hexachlororhodate 
(Ill}, Na3RhC1 6•12H2o and was obtained from Ventron ALFA 
Products, Beverly, Massachusetts, U.S.A. 
All the cycloalkanecarboxylic acids were purchased 
. from Pfaltz and Bauer Incorporated, Flushing, New Yo~k. 
with the following exceptions: the cyclobutanecarboxylic 
acid was redistilled from stockroom supplies and the cycle~ 
hexanecarboxylic acid was obtained from K and K Laboratories 
Incorporated, Plainview, New York. 
Spectroquality methanol was supplied by Matheson-
Coleman and Bell, Los Angeles, California. All other common 
solvents used such as acetone, benezene, chloroform, 
ethanol, ether, et cetera, were of reagent quality and 
therefore used without any further purification. Potassium 
bromide used in making KBr pellets was of ultrapure quality 
and supplied by E. Merck Ag, Da~mstadt, Germany. 
Instruments Used 
The melting points of the rhodium complexes were 
determined on an Electrothermal Melting Point Apparatus. 
The Perkin-Elmer model 337 Grating Infrared Spectrophoto-
meter was used to obtain the infrared spectra; the spectra 
15 
of solid samples were produc~d with KBr pellets while 
liquid samples were determined with the aid of a silver 
chloride ~emountable cell. Calibration points were made 
using a 0.05 mm. polystyrene film at frequencies of 1601 
cm-1 ~nd 1028 cm- 1• A Perkin-Elmer model 202 spectrophoto-
meter was used to prepare ultraviolet and visible spectra; 
10 mm. silica cells were made by Coleman--a Division of 
Perkin-Elmer Corporation. Microanalyses were done by 
Chemalytics Incorporated, 2330 S. Jndustrial Park Drive, 
Tempe, Arizona. 
Preparation of Compound A--Tetrakis (Cyclopropanecarboxylatol 
-)(- Hydroxo -If- Cycl opropanecarboxyl atod irhod i urn (!Ill 
Monohydrate 
For the sake of brevity these five compounds will 
be assigned the letters A, B, C, D, and E for identification 
purposes. 
+ ) 5C4H602 pH 4-5 
(C 4H502!2Rh(OH){C4H502)Rh!C4H5D2l 2•H 20 
One mi 11 imole {0,601 grams) of Na 3RhCI 6o 12H20 were 
placed in a beaker and dissolved with 10 mls. of distilled 
water. While stirring continuously, 24 millimoles {1,9 
mls.) of cyclopropanecarboxylic acid were added and dis-
solved in the rhodium solution. Ten percent aqueous NaOH 
solution was slowly added with constant stirring until a ·pH 
of 5,0 was reached; the pH was determined by using short-
range Hydrion paper. This solution was then placed in a 
standard reflux flask fitted with two condensers. The 
solution was refluxed at 65-70°C for three hours under a 
steady stream of nitrogen. During this time a pH range 
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of 4-5 was maintained. Refluxing of the mixture was 
carried out in the fume hood because of the disagreeable, 
irritating odor of the cycloalkanecarboxylic acids. Dur-
ing the three hour period a gradual color transition of the 
solution was observed--the original deep-red color changed 
through shades of yellow, light-brown, and finally to 
olive"'green. The reaction mixture was allowed to cool and 
remain in the reaction flask f6r a period of 48 hours. 
The resulting fine green crystals were filtered and washed 
several times ¥lith distilled water. By the time a silver 
nitrate test of the filtrate indicated a negative chloride 
ion concentration it was reasonable to expect that the 
product had been washed completely free of both excess 
acid and the chloride ion. The product was dried at 70°C 
under a nitrogen vacuum for one hour. The yield of com-
pound A was 0.1127 grams; this is approximately 33.8 per 
cent of the theoretical yield and was determined by the 
amount of rhodium salt used. The melting point determin-
ation showed decomposition of the complex at about 260~2°C. 











The infrared spectrum showed a shift in the 
frequency of C=O band from 1700 cm·l in the acid to about 
1555 em ·l in the complex attributed to the asymmetric vib-
rations of the two c-o bands of the carboxylate group 
(3,7). The bands that indicate the symmetrical stretching 
frequencies of the carboxylate ion appear at frequencies 
of about 1310 cm·l and 1440 cm·l (3,7). The broad OH band 
of the acid which appears between 2500 cm·l and 3300 cm·l · 
is replaced by a medium intensity band between 3300 cm·l 
and 3600 cm·l with maximum absorption at 3450 cm·l which 
is probably due to water of crystallization (15). The 
ultraviolet spectrum contained a maximum for the acid at 
208 nm. while compound A showed a maximum at about 205 nm. 
The visible spectrum for the acid ligand showed no notice-
able absorption; however, the complex showed absorption.at 
445 nm. and 595 nm. The solvent used for the ultraviolet 
and visible spectra was spectroquality methanol. 
Preparatjon of Compound B--Tetrakis (Cyclobutanecarboxylatol 
-){- Hydroxo -/(- Cyclobutanecarboxylatodirhodium (!II J 
Ojhydrate 
60-65°C 
+ 5C5H8°2 pH 4-5 ) 
(C 5H7o2J2Rh(0H)(C5H7o2)Rh(C5H7o2J2•2H 20 
One millimole (0.601 grams) of Na 3RhC1 6•12H20 was 
dissolved in 3 mls. of distilled water. In a separate 





six mlllimoles (.57 mls.) of ·cyclobutanecarboxylic acid. 
The salt solution was poured into the acid solution and 
the two were thoroughly mixed. After the pH was adjusted 
to 5 by adding 10 per cent aqueous NaOH, the reaction 
mixture was placed into a flask and refluxed for five hours 
at 60-65°C under a steady stream of nitrogen. There was 
a gradual color transition from wine-red to light yellow 
to yellow-brown and finally to olive-green. After cooling 
to room temperature, the reaction mixture was allowed to 
remain in the flask for 48 hours.· The green crystals were 
then filtered, w:>shed several times with distilled water 
until the filtrate gave a negative silver nitrate test for· 
the chloride ion, and finally given 3 washings with 10 mls. 
portions of 2-bromobutane. The product was· vacuum dried 
under nitrogen at 60°C far one hour. It was then recrystal-
lized from a hat ethanol solution and dried again. The 
small green crystals weighed 0.309 grams which was 81.9 per 
cent of the theoretical yield as calculated from the 
quantity of rhodium salt. required. This complex d•camposed 
at about 260+2oc during the melting point determination. 










The infrared spectrum of compound B contained a 
shift in the. frequency of the C=O band from 1705 em -l in 
I 
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the acid to about 1555 cm- 1 in the complex--suggesting the 
presence of the carboxylate group (3), The broad OH band 
of the acid which appears between 2500 cm-l and 3300 cm-1 
was replaced with a much smaller band between 3300 cm-1 
and 3600 cm-1. This change may be attributed to water of 
crystallization (15). The ultraviolet spectrum for com-
plex B in methanol displayed a maximum at about 225 nm. 
while the ligand in methanol had a maximum at about 205 nm. 
Some absorption by the complex was also detected in the 
visible range at wavelengths of 445 nm. and 595 nm. 
Preparation of Compound C--Tetrakis (Cyclopentanecarboxylatol 
-If- Hydroxo -}(- Cyclopentanecarboxylatodirhodium (II I l 
Monohydrate 
2Na3RhC1 6•12H 20 
65-70°C 
+ !iC5H 1 o02 pH 4-5 ) 
(C6H902)2Rh(OH)(C6H902)Rh(C6H902)2•H20 
One millimole (0.601 grams) of Na 3RhC1 6•12H 2o was 
dissolved in 4 mls. of distilled water. In a separate 
beaker 0.65 mls. of cyclopentanecarboxylic acid were dis-
solved in 30 mls. of 95 per cent ethanol. The salt sot~­
tion was poured into the acid solution and thoroughly 
mixed; the pH of this liquid was adjusted to 5 by adding 
10 per cent aqueous NaOH solution. The mixture was then 
refluxed for three and on-half hours at a temperature of 
65-70°C under a constant stream of nitrogen. The pH was 
periodically checked and kept at a range of 4 to 5. There 
2() 
was the usual color change from wine-red, yellow, light-
brown, and finally to olive-green. After refluxing, the 
. mixture was al.lowed to remain in the flask overnight. The 
following day the contents of the flask were filtered and 
washed with warm 95 per cent ethanol. The olive-green 
filtrate was then evaporated down to about one-third the 
original volume when rapid crystallization took place. 
These green crystals and the solution containing them were 
allowed to cool from room temperature to 0°C and then 
filtered; they were washed with distilled water unt i 1 the 
chloride ion test was negative and finally washed twice 
with 25 ml. portions of petroleum ether (30-60°C). The 
product was vacuum dried under nitrogen at 60°C for one 
hour. The weight of the product was 0.1851 grams; this 
corresponded to 45.9 per cent of the theoretical yield as 
.based on the rhodium salt used~ It did not have a sharp 
melting point but rather decomposed at a temperature of 
about 260+2°C. Again the product could be described as a 
solid consisting of small green crystals. The carbon-









Infrared spectrum for complex C indicated the pre-
sence of the carboxylate group by showing the frequency 
shift of the C=O band from 1700. cm· 1 in the acid to about 
1560 cm-1 for ihe complex (3,7). One• again the broad OH 
band of the acid betweeh 2500 c~- 1 and 3300 cm- 1 was re-
placed by a weaker band=between 3300 cm-1 and 3600 cm-1 
suggesting the possibility of the formation of a hydrate 
(16). The ultraviolet spectrum for compound C exhibited 
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a maximum at about 205 nm. The acid spectrum was not well 
defined but did differ from the complex. The visible spec-
tra for the complex showed some absorption at 420 nm. and 
595 nm.; no appreciable absorption was detected for the 
acid in the visible range, 
Preparation of Compound o-~Tetrakis (Cyclohexanecarboxylato! 
-)(- · Hvdroxo -8- Cyclohexanecarboxylatodirhodium (I I I)·. 
Monohydrate 
65-70°C 
+ 5C7H 1202 pH 4-5 ) 
(C7Hll02)2Rh(OH)(C7Hll02)Rh(C7Hll02)2"H20 
One millimole (0.601 grams) of Na 3RhC1 6 •12H2o was 
dissolved in 8 mls. of distilled water. Six millimoles 
(0.768 grams) of cyclohexanecarboxylic acid were dissolved 
In a separate beaker by adding 25 mls. of 95 per cent 
ethanol. The acid solution was then poured into the salt 
solution with constant stirring. Next, sufficient 10 per 
cent aqueous NaOH was added dropwise, withcontinuous stir-
ring, to bring the pH to five. This mixture was now poured 
into the reaction flask and refluxed at a temperatu~e of 
65-70°C under a steady stream of nitrogen for three h·ours. 
The acidity of the reaction mixture was checked every 




dark green crystals formed were filtered, washed with 
distilled water until free from chloride ion, dried, and 
then finally washed three times with 10 ml. portlons of 
diethyl ether. The product was vacuum dried under nitrogen 
at 60°C for one hour. This compound was a green, powdery 
crystal. The weight of the product was 0.2125 gramsj this· 
is about 48.5 per cent of the theoretical yield as deter-
mined by the amount of rhodium salt used. Compound D 
decomposed at about 270.:!:,2 °C. The carbon-hydrogen ana 1 ys is · 









The infrared spectrum of compound D once again 
showed a shift in frequency from 1700 cm-1 for the C=O 
band of the acid to 1560 cm-l in the complex which indi-
. cated the strong possibility of the presence of the 
carboxylate g.roup (3,7). The OH band of the acid which 
was observed as a sha 11 ow band between 2750 em -l and 
3300 cm-1 was ~eplaced with a band with frequencies bet-
ween 3300 cm-l and 3600 cim- 1--due to the formation of water 
of crystallization (15). Ultraviolet spectra shows a 
maximum at 222 nm. for both the acid ligand and the com-
plex, but the complex contains a possible additional broad 
absorption at 250 nm. not found in the acid. Visible 
spectra for the complex indicates slight absorption at 




Preparation of Compound E--Tetrakis (CycJoheptanecarboxylato) 
-Jt- Hydroxo -)(- Cycloheptanecarboxylatodirhodium (Jill 
Trihydrate 
) + 5C8HJ402 pH 4-5 
(t8H13o2)2Rh(OH)(C8H13o2)Rh(C8H13o212•3H 20 
One mi II imole (0.601 grams) of Na3RhCI6•12H20 was 
dissolved in 8 mls. of disti !led water. Six mi II imoles 
(0.84 mls.) of cycloheptanecarboxylic acid were dissolved 
in 25 mls. of 95 per cent ethanol. With constant stirring 
the acid was slowly poured into the rhodium solution; a 
pH of 5 was reached by the careful addition of 10 per cent 
aqueous NaOH. The reaction mixture was then placed in the 
reaction flask and refluxed at 65•C for a period of two and 
a half hours under a nitrogen atmosphere. Periodic checks 
were made during the reflux time to insure that the pH 
was kept between 4 and 5; this was accomplished by the 
addition of minute quantities of 10 per cent aqueous NaOH. 
The usual color transition from wine-red, to yellow, light-
brown, and .finally to olive~green occurfed again •. The mix-
ture was permitted to cool to 20•C, fi Jtered, and· washed 
·free from the chloride ibn with distilled water. The pro-
duct was finally washed 4 timeswith 10 ml. portions of 
petroleum ether (30-60"C); the petroleum ether was drawn 
through quickly for the precipitate was sJi.ghtly soluble 
in this liquid. Compound E was then dried under.a nitrogen 
vacuum for one hour at 60"C. The product weight was 0.310 
24 
grams and consisted of a finely oivided green crystal. 
The.amount of product recovered was 63.1 per cent of the 
theoretical yield as based on the quantity of rhodium salt 
used~ The melting point determination resulted in the de-
composition of the compound at 280.:!:,2°C. The carbon-hydro-









The infrared spectrum for compound E showed a 
shift in frequency of the stretching vibrations for the 
C=O band from 1700 cm- 1 in the acid to about 1555 cm-l In 
the _complex. The OH band of the acid between 25oo cm- 1 and 
3300 cm- 1 was replaced with one between 3300cm-l and 
3600 cm-1. The former change indicating the formation of 
the carboxylate group (3,7) and the latter signifying the 
formation of water of crystallization (15). The ultra-
violet spectrum indicated a maximum at 206 nm. for the acld 
ligand, but absorption at 224 nm. for the complex with a 
possible shoulder at 250 nm. The visible spectrum showed 
absorption at about 595 nm. 
Solubilities of the Comrounds 
Solubility tests were conducted on ihe complexes 
with various common solvents at room temperature. All 
tests were of a qualitative nature and the results may be 
found listed on Table 1. 
TABLE I 
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Modern techniques of spectroscopy in the various 
regions of the electromagnetic spectrum are of enormous 
assistance to the chemist in the analysis and characteri· 
zation of new compounds. Infrared, visible, and ultra-
violet spectroscopy were utilized in this study to assist 
in characterizing the five complexes produced. However, 
it is fair to state that the infrared spectra provid~d by 
far the most valuable data of the three types mentioned. 
In absorption spectroscopy molecules in their 
ground states ~ill absorb radiation of a give~ frequency 
which corresponds to a 11 owed trans it ions to the excited 
state.· When this energy is absorbed by the molecule, the 
transition that occurs may be between rotational energy 
levels, vibrational energy levels, and/or electronic energy 
levels. Transitions between electronic levels require the 
most energy; changes in the vibrational levels of the mole· 
cule are intermediate in energy; while transitions in the 
rotational levels require the least energy of the three 
kinds of transitions, 
Rotational transitions are mainly produced by 
absorption in the far infrared and microwave regions. 
Although important, most of these transitions involve wave-
lengths greater than 25 microns and therefore are beyond 
the scope of. most available infrared spectrophometers. 
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Infrared absorption occurring at the wavelength 
range of 1 to 25 microns is principally due to the various 
modes of vibration of a molecule. These vibrations may 
consist of the stretching and contracting of bonds, the 
changing of bond angles by bending and twisting, the 
torsion motion about a bond, and the rocking motions with 
respect to different parts of the molecule. Vibrational 
motions do not produce net translations or rotation of the 
total molecule. In this study the most significant infra-
red region was between 2.5 and 25 microns. In this portion 
of the fundamental region absorption bands are usually due 
to some specifi6 group of atoms in that molecule. Con~ 
sistent with the fact that the energies of the bonds .of 
these groups of atoms stay fairly constant it is then 
possible to assign infrared absorption to the specific 
functional group. This was of great asslstance in charac-
terizing the five complexes. 
The infrared spectra from this study indicated that 
the cycloalkanecarboxylic acids contained a band at 1700 cm- 1 
to 1705 cm-1 which was assigned to the C=O virbrations (3,7, 
16). A second band appeared in the 1450 cm- 1 to 1395 cm- 1 
range and a third band in the 1211 cm-1 to 1.320 cm-1 region; 
both are attributed to c-o stretching or 0-H deformation. 
Upon formation of the complexes, the characteristic 
carbonyl frequency disappeared and in its p)ace appeared 
28 
a sharp band at 1555 cm- 1 or 1560 cm- 1 that is assigned to 
the asymmetric stretching of the carboxylate ion (RCOO-). 
In addition, two other bands indicating symmetric stretch-
ing of the RCOO- ion appear at 1405 cm-l to 1440 cm-l and 
1285 cm-l to 1320 cm-l, 
The broad band. found between 2500 cm-1 to 3300 cm-1 
in the acid is produced by absorption of the hydroxyl group; 
in the complexes we find that this band has been replaced 
by one in the 3300 cm-1 to 3600 cm- 1 region which is due to 
water of crystallization (15,16), 
It seems that the ring structure of the acid was 
preserved in the complexes since ring def~rmation frequen-
cies as we.ll as C-H stretching vibrations tend to verify 
this (3,7), Table II contains a summary of the infrared 
spectra produced in this study. 
Electronic spectra of molecules covers the range 
of wavelengths between 1000 to 8000 Angstrom Units of the 
electromagnetic spectrum, Since absorption in this region 
involves a large amount of energy, there will not only be 
a change in the electronic energy levels but also in the 
rotational and vibrational energy levels. Consequently, 
the spectra in the ultr~violet and visible regions will 
appear more complicated; it will tend to be recorded as 
broad bands characterized by a maxima at a certain wave-
length rather than of sharp absorption bands (10), 
The ultraviolet-visible spectra taken in this 





INFRARED SPECTRA OF RHODIUM (Ill) COMPLEXES (cm- 1) 
Acid -OH- c=o CO Stretch. C-H Ring 
OH Deform. Cyc1oa1k. Deform. 
C4H602 2500-3300 1700 1440,1340 3010 1030 
c5H8o2 2500-3300 1705 1420,1360 2990 930 
C5H1o02 25 00-3300 1700 1425,1330 2955 935 
C7H1202 2750-3300 1700 1440,1300 2935 1255,890 
CaH1402 2500-3300 1700 1450,1280 2925 
Cmpd. -OH· RC02 Jon C-H Ring 
8s~mm. Symm. Cycloa1k. Deform. 
A 3300-3600 1555 1440,1310 3010 1025 
8 3300-3600 1555 1420,1300 2975 910 
c 3300-3600 1560 1420,1320 2955 935 
D 3300-3600 1560 1415,1285 2935 1230,890 
E 3300-3600 1555 1405,1290 2920 
30 
the compounds, The ultraviolet spectra show absorption 
In the 205 nm. to 222 nm. range for the ligands while the 
complexes absorbed in the 205 nm. to 252 nm. region. The 
visible spectra of the ligands indicated no appreciable 
absorption; this was anticipated since these cycloalkane-
carboxylic acids are almost colorless. The five complexes, 
however, did show maxima in the visible range which is in 
agreement with the greenish color of the compounds that 







ULTRAVIOLET-VISIBLE SPECTRA OF RHODIUM (Ill} COMPLEXES 
Ultra:v iol et 
· Acid 
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Chapter V 
DISCUSSION 
Role of the Solvent 
The first in this series of cycloalkanecarboxylic 
acids, cyclopropanecarboxylic acid, was soluble in water 
32 
as was the rhodium salt and so no. special search had to be 
done for a common solvent. The other four members af this 
series, namely the cycloalkanecarboxylic acids with rings 
containing 4, 5, 6, and 7 carbon atoms, were not soluble in 
water; as stated previously, they were all very soluble in 
95 per cent ethanol and these solutions in turn were mis-
cible in the aqueous solution of the rhodium salt. Although 
the chief concern was to find a common solvent system in 
which the ionic species of the acid and th.e rhodiumsalt 
might come into intimate contact, the alcohol probably 
played an even more important secondary rol•. It is quite 
possible that the alcohol not only served as a solvent but 
al.so as a catalyst. Delepine (18,20) reported this kind.of 
catalytic effect of an alcohol upon a ligand exchange re-
action with rhodium (Ill) in 1929 and again in 1953, Rund, 
Basolo,.and Pearson (20) reported a detade later that in 
their investigation of a .similar system it appeared that the 
alcohol generated small amounts of a lower state of rhodium~ 






that it was the catalytic agent. Furthermore, the investi-
gators conducted tests which indicated that the initial and 
final amounts of the alcohol remained practically unchanged 
(20). 
pH Range 
In most cases duplicate sample mixtures were re-
fluxed at pH ranges below and above those suggested. In-
variably, It was found that the pH range of 4-5 resulted 
in the desired product. If the pH dropped to 3 or less, the 
reaction would not occur. On the other hand, at pH values 
of 6 or greater a brownish, tarry substance formed --possi-
bly a polymeric form of the product. 
In general, it was observed that as the reaction 
proceeded a drop in the pH of the mixture occurred, and it 
was necessary to carefully add base to increase the pH to 
5. This procedure had to be done more often in the begin-
ning and less towards completion of the reaction. Because 
of the direction of the shift in pH, it was advisable to 
initiate the reaction at a pH no lower than 5. 
Reaction Time 
The reaction time varied for the different com-
plexes and it must be stated that they were determined 
essentially from observation of the color transitions. In 
some cases the product was allowed to cool and remain in 
the reaction mlxture overnight. 
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Temperature 
The temperature ranges given were the optimu~ found 
for the formation of these compounds. Lower temperatures 
wou1d generally not yield the reaction product. At temper-
atures above 80°C the formation of a brownish-black sub-
stance was noticed. The amounts of this substance increased 
proportionately with increases in t~mperature above 80°C. 
Hygroscopjc Properties 
It was noted that these complexes gained in weight 
when exposed to the atmosphere. When subjected to moderate 
heating, the complexes lost weight. It was assumed that 
this might be due to the hygroscopic nature of these com-
pounds. 
Inert Atmosphere 
Preliminary samples of the products were first pre-
pared without the benefit of an inert environment. However, 
·all final products were made, dried, and stored under nitro-" 
gen gas. 
Infrared Spectra 
In general, the carboxylic acids show a strong 
absorption in the 1725 cm- 1 to 1700 cm~ 1 frequency range 
that is ass1gned to the C•O stretching vibrations. The 
acids also absorb at 1440 cm-l to 1395 cm·l and 1320 cm-1 
to 1210 cm- 1 becauie of C-O stretching vibrations and OH 





b~oad absorption band in the 3300 cm·T to 2500 cm~1 fre-
quency range due to OH stretching vibrations (3,7). 
When the carboxylates form, the stretching vib· 
rat ions of the carboxyl group vanishes and instead two 
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bands appear --one from 1610 em -l to 1550 cm-l (asymmetri-
cal Vibration) and the other between 1420 cm·l and 1300 cm·l 
(symmetrical vibration) (3,7). 
The spectra for the complexes synthesized in this 
study indicated the loss of acid and the gain of carboxy-
late characteristics mentioned above. The broad OH band 
had been replaced by a smaller band between 3300 cm-1 and 
3600 cm- 1 suggesting the formation of a hydrate (15). 
Ultraviolet-Visible Spectra 
In this study it was generally observed that ultra-
violet spectra of the complexes had one absorption band not 
seen in the acid. The visible spectra of the complexes 
almost consistently gave two shallow bands at 445 nm. and 
595 nm. which did not appear in the acid or the rhodium 
salt. These absorption bands roughly correspond to the 
violet and the yellow-orange regions of the visible spectrum 
and therefore are in accord with the green color of the 
complexes. The concentration producing the best spectra 
for these CQmpounds was usually in the r~nge of 10-4 molar. 
Since methanol was used as the solvent it may be possible 
that some n-+T'f* transit ions might have been weakened due 




The value of the ultraviolet and visible spectra 
was to demonstrate that the spectra of the reactants were 
sufficiently different from those of the products so that 
It could be assumed that the complexes had been formed. 
Molecular Welght 
An attempt was made to determine the molecular 
weight of the product by the Rast method, however, there-
sults obtained were considered invalid due to the limited 
solubility of the compound; camphor, naphthalene, and 
camphene were tried as solvents. 
Atomic Absorption Spectroscopy 
Atomic absorption spectroscopy was employed in an 
unsuccessful effort to determine the percentage of the 
rhodium metal in a sample of the compound. Lack of a suit-




The purpose of this research was to attempt to pre-
pare rhodium (Ill) complexes of five cycloalkanecarboxylic 
acids with rings containing 3, 4, 5, 6, and 7 carbon atoms. 
The literature furnished no evidence that these coordination 
compounds had been synthesized prior to this study. 
The complexes were prepared by refluxing the appro-
priate cycloalkanecarboxylic acid with Na3RhCls•l2H2D in an 
aqueous-alcholic solvent system. In their preparation, 
care had to be exercised with such factors as solvents, pH, 
temperature, inert atmosphere, reaction time, filtering 
techniques, and vacuum drying. Some of these conditions. 
were developed by trial and error methods that seemed to 
work well; other conditions were determined by what was 
believed to be good standard practice. 
Characterization of the five complexes was accom-
plished mainly by carbon-hydrogen analyses and infrared 
spectra. A summary of the carbon-hydrogen analysis may be 
found in Table IV. Ultraviolet and visible spectra lent 
support to the notion that the complexes had been formed 
from the reactants. 
The sterochemistry of rhodium Ill, a d6 system, 
strongly suggested an octahedral structure for these coer-
38 
dinatlon compounds (9), After consi~ering the data, it 
seemed that a possible structure for these complexes might 
be a bridged dimer as shown in Figure 5. These compounds 
were found to be hygroscopic and so they should be con-
sidered to be hydrates. 
It is suggested that X-ray diffraction methods and 
nuclear magnetic resonance spectroscopy be considered for 




Compound Formula Theoretical Anal~sis 
Identification Weight %C %H %C %H 
A 666.28 36.05 4.23 35.50 3. 74 
B 754.41 39.80 5.34 39.67 4.58 
c 806.49 44.68 5.99 44.45 5.50 
D 876.63 47.95 6,67 47.98 6.02 
















Proposed Molecular Structures for the Rhodium Ill 
Comple*es of Cycloalkanecarboxylic Acids. 
39 
40 
Compound D Ligand d 
.Compound E Ligand e 
H 
I 
e 0 a 
Rh Rh 
e e l 
Continuijtion of Figure 5 MolecuJijr Structures for Rhodium 
Ill Complexes of Cycloanlkanecarboxylic Acids. 
I • 
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Figure 6. WAVElENGTH (MilliMICRONS). 
Na3RhOl6•12H20 in Water 
















Figure 7. Solvent (Metho.nol} in 16 mm Silica Cells. 
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Figure 8. Cyclopropaneoarboxylic Acid in Methanol 
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Figure 13. Compound A in Methanol 
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Figure 14. Compound B in. Met\anol 


















Figure 15. Co.mpound C in Methanol 
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Figure 19, Sol"ven;t (Methanol) in 10 rr:n; Sili~a Cells. 
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Figure 27-b. Cyclobutanecarboxylic Acid 
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Figure 35 -b. Compound E 
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